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ABSTRACT 
 
Performance-based engineering (PBE) is a methodology that requires specification on a range of performances 
or target reliabilities for structures of different importance. Information on these ‘performance levels’ require a 
probabilistic assessment of the potential factors that may influence a design, including information on the hazard, 
load, resistance, loss estimates, expert opinion and public perception. This paper describes one such 
probabilistic assessment in the development of empirically-based fragility functions for tornadoes using damage 
assessment data and a tornado wind field model for the 22 May 2011 Joplin, MO tornado. The damage 
assessment data was collected during field surveys of more than 1,240 structures in the aftermath of the tornado, 
using provisions of the Enhanced Fujita (EF) Scale to assess the damage. The wind field model was developed 
from the tree-fall patterns noted in the damage path of the tornado. Fragility functions were developed for the 
Degrees of Damage (DOD) associated with One- and Two-Family Residences in the EF Scale. The empirically-
derived fragility functions were progressive in nature, with median wind speeds varying from 33.6 m/s for 
initiation of visible damage to 85.2 m/s for complete destruction. These functions were compared to existing 
fragility functions for straightline winds to evaluate potential differences in failure mechanisms for structures 
exposed to tornadoes. Wind speeds associated with the median failure probability were used to estimate load 
factors, defined as the square of the ratio of the straightline wind speed to the tornado wind speed. Structures 
tended to fail at lower wind speeds in tornadoes than in straightline winds, with load factors between 1.32 and 
1.51. A fragility assessment in the context of PBE naturally requires attribution and quantification of all 
uncertainties. Uncertainties in the both the damage and wind speed estimation in the development of fragilities 
are quantified and assessed using Monte Carlo methods. Preliminary results show variance in fragility 
parameters is higher for higher damage states but all damage states have relatively low coefficients of variation.   
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INTRODUCTION  
 
Tornadoes in the United States have caused an estimated $5 billion in losses (2011 dollars) each year since 1950 
(Simmons et al., 2012). The potential exists for even greater economic losses however, evidenced by years such 
as 1965 with an estimated $40 billion in total economic loss in 2011 dollars, and 2011, with $26 billion in 
economic losses (Simmons et al., 2012). The majority of the economic losses in tornadoes is to residential 
structures, nearly 90% of which in the US are wood-frame construction (van de Lindt and Dao, 2009). Failures 
in wood-frame structures during extreme wind events are commonly encountered because most wood-frame 
residential structures are built to prescriptive requirements that nominally provide life safety during a design 
wind event, which for most of the US is 115 mph (ASCE, 2010). Prevention of damage during tornadoes has 
typically not been considered, however recent work has highlighted the need for a new design paradigm for 
tornadoes that would include both life safety and reduced damage as objectives in the design (van de Lindt et al., 
2012; Prevatt, D. O., van de Lindt et al., 2012). For such a paradigm, it is important to determine an acceptable 
wind speed for tornado design. This can be accomplished through the development of fragility relationships, 
which are commonly used to assess the performance of structures against hazards, including tornadoes, by 
relating the probability of damage to a hazard level, such as wind speed. A significant body of work exists for 
the determination of analytically-derived fragility curves for wood-frame structures and their structural 
components in hurricane winds (Amin and van de Lindt, 2013; Ellingwood et al. 2004; Li and Ellingwood 2006; 
Rosowsky and Ellingwood 2002), but fragility relationships for wood-frame structures in tornadoes have only 
recently been developed. Amini et al (2013) performed a probabilistic assessment of sheathing and roof-to-wall 
connection failures assuming a fully sealed, wood-frame structure during a tornado using wind pressures from 
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ASCE 7-10, modified for tornado loads using simple amplification factors based upon Haan et al (2010). As of 
yet however, no studies have provided empirical results for comparison to this and any future models, as the 
spatial distribution of near-surface wind speeds in tornadoes, necessary for comparison to observed damages, is 
difficult to obtain. Empirically-derived fragility relationships are common in seismic studies (Shinozuka et al., 
2000; Rossetto and Elnashai 2003; Miyakoshi et al., 1997), but have not been used to any great extent for wind 
hazards. Ellingwood et al (2004) made limited comparisons between theoretical fragilities for roof panels and 
roof-to-wall connections and damage observations from Hurricane Andrew and observed qualitatively 
consistent results between the two methods, but noted that validation using empirical data was a challenge due 
to the complexity of the hurricane hazard as well as the wide variety of building configurations present in actual 
communities. Limited studies are also available as validation of hurricane catastrophe models (Pinelli et al., 
2004; Federal Emergency Management Agency 2012), but currently no studies exist which develop empirically-
based fragility functions for residential structures considering tornado hazards. 
 
BACKGROUND 
 
 
On May 22, 2011, a powerful tornado struck Joplin, MO, a city with a population of approximately 50,000. The 
tornado, rated an EF5 using the Enhanced Fujita (EF) Scale (McDonald et al., 2006), caused 161 fatalities and 
over $2 billion in insured losses, destroying over 4,000 homes and damaging 3,500 others (NWS. 2011). The 
extensive damage to both the built and natural environment provided an opportunity to further our 
understanding of near-surface wind speeds in tornadoes, despite the tragic circumstances. Research teams from 
the National Institute of Standards and Technology (NIST) and the American Society of Civil Engineers (ASCE) 
separately surveyed the damage caused by the tornado. The independent findings of each team are available in 
the published literature (Kuligowski et al. 2014; Prevatt et al., 2011). One outcome of the NIST team survey was 
the documentation of tree-fall patterns, which were used to develop a spatio-temporal tornado vortex model for 
the Joplin tornado. This provided a means of estimating the wind speed and direction for any point within the 
entire tornado path. The ASCE team used the Enhanced Fujita (EF) Scale (McDonald et al. 2006) to classify 
damage to 1,349 geo-located damaged homes in the path and estimate the wind speed causing the damage. The 
EF Scale classifies damage to specific Damage Indicators (DI), which include One- and Two-Family Residences. 
Damage to each DI is described using progressive damage states, known as Degrees of Damage (DOD), which 
have a range of wind speeds associated with them from which to estimate the wind speed necessary to cause the 
damage. These damage-estimated wind speeds were compared to the wind speeds estimated by the tree-fall 
wind field model. A detailed comparison of the two wind speed estimation methodologies used by these teams 
found reasonably good agreement between the two independent methods, although in general the tree-fall 
estimated wind speeds were higher than those estimated from the EF-Scale (Lombardo et al., 2015). The 
objective of this study is to use a best-fit wind field model developed from both the tree-fall patterns and 
building damage observations to develop empirically-based fragility functions for wood-frame residential 
structures damaged during the 2011 Joplin, MO tornado. The empirically-based fragility functions for specific 
damage states will be compared to fragility functions for equivalent damage states found in HAZUS-MH for 
hurricane winds, and to Amini et al (2013) representing numerically-modeled damage states for tornadoes. 
 
 
DEVELOPMENT OF CONSENSUS NEAR-SURFACE WIND SPEED MODEL 
 
The direction and location of tree fall for approximately 5,000 trees in the Joplin tornado were determined by 
NIST using post-storm aerial photos (Kuligowski et al. 2014). A Rankine vortex (RV) model was developed to 
match these tree-fall patterns, using methodology given in Holland et al (2006) and was used to estimate 
maximum wind speeds. This model was developed independently and then compared to the wind speed 
estimates from the ground survey which used the EF Scale (e.g., EF3 damage represents wind speeds between 
60.8 m/s and 73.8 m/s). For the current study, a best fit model was developed based upon the two estimation 
methods. The objective was not to simply match the vortex model to either method, as there are potential 
inaccuracies in each, but rather to determine the vortex model parameters that best agreed with both models. 
This was accomplished by means of a full factorial design as described in Kuligowski et al (2014), in which a 
plausible range of values for each RV model parameter were initially used. A wind speed model for every 
possible combination of RV parameters was generated and compared to the wind field estimated from the 
damage survey at a given cross-section representative of a large portion of the tornado path photos (Kuligowski 
et al., 2014). Normalizing the distance by the radius of maximum wind, the values of wind speed from the tree-
fall based model were compared to damage-based wind field at the locations where the damage-based model 
was evaluated. The tree-fall based model resulting in the least total mean square error when compared to the 
damage-based model was chosen as the best fit model, provided its properties fell within predetermined 
observed properties of the tornado (e.g., width of tree fall damage). 
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DEVELOPMENT OF FRAGILITY FUNCTIONS FROM EMPIRICAL DATA 
 
The probability of failure during a natural hazard is often defined using the concept of fragility, which in 
performance-based engineering applications is defined as the probability of a certain limit state being reached or 
exceeded, given some hazard level. This can be expressed as the conditional probability P[LS|D>x], where LS is 
the system Limit State of interest, and D is the demand on the system, which is often taken as the 3-sec gust 
wind speed in wind engineering applications (Lee and Rosowsky, 2005). The fragility of a structural system is 
typically modeled using  
 
     𝐹(𝑥) =  Φ [ln(𝑥)− 𝑥𝑚
𝛽
]         (1) 
 
where Φ(.) = standard normal cdf probability integral; xm = logarithmic median of the demand, x; and β = 
logarithmic standard deviation of the demand, x.  
 
Fragility functions can be developed using structural analysis, expert elicitation, experimental testing and 
empirical observations during a natural event. A standardized approach to developing fragility functions using 
each data type is given by Porter et al (2007).  
 
 The data available from the Joplin tornado consists of the final damage state of individual homes and the 
maximum wind speed experienced by the homes, estimated using the consensus wind field model described 
above. Although time histories of wind speeds are available, information on the wind speed at the time of the 
actual failure is unknown. Porter et al (2007) classifies empirical data of this sort as Type B: Bounding EDP 
data, meaning that each individual damage data gives a binary value of whether a specific damage state was met 
or exceeded or not and the maximum EDP to which it was exposed.  
 
Use of Logistic Regression in Developing Empirically-based Fragility Functions 
 
The damage data was first classified for each DOD according to whether the observed damage state met or 
exceeded the damage state of interest, so that for a specific damage state, for example DOD4, all structures with 
an observed DOD less than 4 would have a binary value of 0 (i.e., probability of failure or Pf = 0), while those 
with an observed DOD greater or equal to 4 would have a binary value of Pf = 1. The fragility functions were 
then fit to the damage data by performing maximum likelihood estimation on the binary failure data, assuming 
the data fit a lognormal distribution of unknown parameters. Logistic regression with a probit link was used to 
transform the binary failure data into a continuous lognormal probability distribution (Kutner, 2005).  
 
Degrees of Damage (DOD) from the EF-Scale are chosen as the damage limit state for this study because the 
progressive nature of the DODs for one- and two-family residences cover the primary damage states of 
residential structures, and are thus easily comparable to analytically-derived fragility functions for wood-frame 
structures under wind loads. DODs for 1241 individual homes within the domain of the consensus wind field 
model were also previously documented during the ground survey, allowing this entire database to be quickly 
used in the development of the empirical fragilities with little modifications. The fragilities developed here for a 
given DOD implicitly incorporate all uncertainties in the potential factors leading up to the damage state being 
reached, including roof type, orientation, house density, debris, and many others. Further work is needed to 
parse out the effects of each of these factors on the probability of failures for the various damage states. 
 
Table 1 Degrees of Damage (DOD) for 1- and 2-story Family Residences from Revision 2 of the EF-Scale (McDonald et al., 
2006). 
DOD* Damage description EXP[m/s] LB[m/s] UB[m/s] 
1 Threshold of visible damage 29.1 23.7 35.8 
2 
Loss of roof covering material (<20%), gutters and/or awning; loss of vinyl or 
metal siding 
35.3 28.2 43.4 
3 Broken glass in doors and windows 42.9 35.3 51.0 
4 
Uplift of roof deck and loss of significant roof covering material (>20%); 
collapse of chimney; garage doors collapse inward; failure of porch or carport 
43.4 36.2 51.9 
5 Entire house shifts off foundation 54.1 46.0 63.0 
6 Large sections of roof structure removed; most walls remain standing 54.5 46.5 63.5 
7 Exterior walls collapsed 59.0 50.5 68.4 
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8 Most walls collapsed in bottom floor, except small interior rooms 67.9 56.8 79.6 
9 All walls collapsed 76.0 63.5 88.5 
10 Destruction of engineered and/or well-constructed residence: slab swept clean 89.4 73.8 98.3 
 
 
The methodology for developing the empirical fragilities is demonstrated in Figure 1, which shows the binary 
data associated with DOD4 observations (uplift of roof deck, loss of >20% roof covering, chimney collapse, or 
garage door collapse) and the lognormal fragility fitted to the binary data using logistic regression. While there 
were observations near the maximum wind speed of the tornado that both failed and survived, it is obvious that 
the failed data is much denser at higher wind speeds than the surviving data, as would be expected. Also shown 
are the failure rates for 4.47 m/s (10 mph) wind speed bins, which closely matched the fragility functions fit 
using logistic regression. This demonstrates the robustness of the lognormal fragility to the fitting method and 
provides greater confidence in the overall fit obtained (Porter, 2007). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1 Illustration of the logistic regression method for fitting lognormal fragility. The data in this example 
represents a damage measure corresponding to DOD4. 
 
Empirical Fragilities for Damage Measures Corresponding to Degrees of Damage (DOD) 
 
Lognormal fragility functions were fitted for each DOD of DI2 and the best fit for each are shown in Figure 2. 
As would be expected, the fragilities demonstrate the progressive nature of the damage states, with each 
successive damage state having a higher median wind speed than the one before and no crossing of fragility 
functions, which can be an indication of poor quality data  (Porter et al., 2007). The similarity of fragility 
functions for DOD5 and DOD6 is simply due to there being only four observations for DOD5. Table 1 
summarizes the fragility functions for each damage state, and includes the number of observations and the 
lognormal fit parameters obtained using logistic regression. 
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 Table 1 Lognormal fit parameters (location, xm and scale, β) of fragility functions for Degrees of Damage 
DOD 0 1 2 3 4 5 6 7 8 9 
n 126 153 116 170 105 4 227 103 99 132 
xm - 4.32 4.47 4.58 4.72 4.81 4.81 5.01 5.12 5.25 
β - 0.18 0.23 0.23 0.22 0.21 0.21 0.23 0.24 0.26 
 
                           
Figure 2 Empirical fragilities for damage measures corresponding to the nine Degrees of Damage for FR12 
(One- and Two-Family Residences) of the EF-Scale 
 
Comparison of Empirical Tornado Fragility Functions to Analytically-Derived Functions 
 
Fragility functions for light wood-frame structures have been analytically derived for both straightline and 
tornado winds. But there has been a lack of validation of these functions with empirical data, particularly for 
tornadoes. The empirical fragility functions derived above, although they represent a single tornado, provide a 
means of validation for the existing body of analytical work available in the published literature. Further, 
significant differences exist between tornado and straightline winds. Tornadoes typically have significant radial, 
tangential and vertical components (Davies-Jones et al., 2001; Lewellen, 1993), rapid changes in wind speed 
and direction and possibly have higher turbulence than straightline winds (Baker and Church, 1979). In addition, 
the rapid pressure drop associated with the tornado vortex is not present in straightline winds, although its effect 
on building loads is limited when building leakage is present to equilibrate external and internal pressures. 
These factors may enhance tornado loads and cause buildings to fail at lower wind speeds than in a straightline 
wind event (Roueche et al., 2015; Haan et al., 2010). However, tornadoes are also typically of much shorter 
duration than hurricanes, and therefore during the passage of a tornado, buildings may experience fewer 
damaging gusts and thus less damage. With many unknowns about these factors, and how they combine to 
effect overall building damage, the effect of the differences between tornado and straightline winds on building 
damage is not well understood. By comparing empirical fragility functions from tornadoes to analytically-
derived fragility functions for both straightline and tornado winds, the differences between tornadoes and 
straightline winds as they relate to building damage can begin to be quantified. 
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Comparison of Empirically-Based Fragility Functions for Tornado Hazards to Straightline Winds  
 
For straightline winds, we compare empirical fragility functions to analytically derived fragility functions from 
HAZUS-MH Hurricane (Federal Emergency Management Agency 2012). To make this comparison it is 
necessary to have equivalent limit states. For the empirical functions, the limit states are the DODs for DI2 of 
the EF-Scale. For the analytical functions, the limit states are the four damage states given in Vickery et al (2006) 
and summarized here in Table 2. These damage states are reasonably equivalent to specific DODs, which are 
also given in Table 2. 
 
Table 2 Comparison of HAZUS damage states with Degrees of Damage for FR12 
HAZUS Damage States Degrees of Damage for FR12 
DS1 – Roof cover failure between 2% and 15%; a 
maximum of one window, door, or garage door 
failure; no roof sheathing failure. No roof structure 
failure. 
DOD3 – broken glass in doors and windows. Also 
would include DOD2, which is described as loss of 
roof covering (<20%), gutters and/or awning; loss of 
vinyl or metal siding.  
DS2 – Roof cover failure between 15% and 50%; 
between one and three window, door or garage door 
failures; and between one and three sheathing failures. 
No roof structure failure. 
DOD4 – uplift of roof deck and loss of significant roof 
covering material (>20%); collapse of chimney; 
garage doors collapse inward; failure of porch or 
carport. 
DS3 – More than 50% roof cover failure; more than 
20% or three window, door or garage door failures; 
and between three and 25% roof sheathing failures. No 
roof structure failure. 
DS4 – More than 50% roof cover failure; more than 
50% window, door or garage door failures; more than 
25% roof sheathing failure. Roof structure failure 
occurs. 
DOD6 – large sections of roof structure removed; 
most walls remain standing. 
 
 
The HAZUS-MH Hurricane Model uses fragility functions for wood-frame homes representing a variety of 
construction characteristics, roof shapes and exposure conditions. The eight specific conditions used in this 
study are summarized in Table 3 and were selected based upon the observations from the ground survey of the 
damage in Joplin. A single compound fragility was developed from the eight individual fragility functions for 
each damage state to compare with the empirical fragilities. Further, a compound fragility was developed for the 
combination of DS2 and DS3, in order to be equivalent to DOD4. The use of compound fragilities better reflects 
the variability inherent to the empirical functions, which are differentiated by the final damage state only, not by 
building type, roof shape or exposure. 
 
 
Table 3 Building and exposure types from HAZUS used for comparison to empirical fragility functions 
Parameters Values Used to Develop Compound Fragilities 
Roof Type Hip or Gable 
Sheathing Attachment 6d or 8d at 6/12 spacing 
Roof-to-Wall Connection (3) 8d toe-nails 
Garage Door Weak 
Exposure Light Suburban (z0 = 0.35 m) or Light Trees (z0 = 0.7 m) 
 
 
The resulting comparison is shown in Figure 3. In all three comparisons the empirical fragilities are to the left of 
the HAZUS-MH Hurricane fragilities, suggesting that under tornado winds buildings tend to fail at lower wind 
velocities than in straightline winds. The differences are more pronounced in the higher damage states. This may 
be a result of the more complex tornado wind flow causing the higher damage states as compared to the lower 
failure states, which are generally located further away from the tornado vortex where the wind flow is more 
similar to straightline wind flow. The differences between the fragility functions for different limit states are 
summarized in Table 4. Included is an estimated load factor for each limit state, based upon the square of the 
velocity ratio for the median wind speed value at Pf = 0.5. This load factor gives an empirically-based estimate 
for how much loads based upon straightline winds would need to be amplified to match the loads for an 
equivalent tornado wind speed. 
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Figure 3 Comparison of empirical fragility functions based upon Degrees of Damage (DOD) to fragility 
functions based upon HAZUS damage states (DS). The damage descriptions associated with each level are 
given in Table 2. 
 
Table 4 Summary of comparisons between empirical fragility functions and HAZUS damage functions 
Limit State DOD3 DS1 DOD4 DS2/3 DOD6 DS4 
𝜇 4.58 4.73 4.72 4.94 4.81 5.02 
𝜎 0.23 0.15 0.23 0.14 0.22 0.14 
Median (m/s) 44.6 51.3 51.4 63.3 56.2 68.1 
Load Factora 1.32 1.51 1.47 
a Load Factor = (MedianDSi / MedianDODi)2 
 
In the proposed commentary for ASCE 7-16 (Prevatt et al., 2014), voluntary provisions for designing for 
tornado loads are given which include a table of tornado load factors to account for potential increases in loads 
in tornadoes as compared to equivalent wind speeds for straightline winds.  Load factors are given for both 
enclosed and partially enclosed buildings, for Main Wind Force Resisting System loads and Component and 
Cladding loads, and for Exposures B or C and D. In our study, the majority of the homes would fall into 
Exposures B or C, and would most likely be partially enclosed since the debris clouds associated with tornadoes 
often result in breaches of the envelope. For partially enclosed buildings then, designing for component and 
cladding loads, the proposed load factors in the ASCE 7-16 commentary are 1.05 for Exposure C or D and 1.45 
for Exposure B. The load factor for Exposure B matches that of the empirical data almost exactly. The load 
factor for Exposure C or D may be somewhat low, but the effect of exposure on the empirical fragility functions 
would need to be parsed out before any definite conclusions are made. 
 
Comparison of Empirically-Based Fragility Functions to Analytically-Derived Functions for Tornado 
Hazards  
 
Figure 4 compares the fragility functions for tornadoes from Amini et al (2013) to the empirical fragility 
functions developed in this study. The limit state for roof sheathing is the failure of at least one roof sheathing 
panel, which is assumed equivalent to DOD4 from the EF-Scale. A compound fragility function was developed 
to represent all five building types and a sheathing fastener schedule of 8d nails at 6/12 spacing from the Amini 
et al (2013) study. Similarly, for roof-to-wall (R2W) connections the limit state is the failure of at least one roof-
to-wall connection, assumed to be a toe-nail connection, which is deemed comparable to DOD6 from the EF-
Scale. The Amini et al (2013) functions appear to be conservative from this comparison, with the analytical 
fragility functions nearly 20 m/s to the left of the empirical functions. In the Amini et al (2013) study, tornado 
loads were estimated by using ASCE 7-10 pressures for straightline winds and amplifying them using factors 
between 1.8 and 3.2. These amplification factors were based upon the experimental results from Haan et al 
(2010), which were obtained by passing a laboratory-simulated, translating vortex directly over an instrumented 
building model. However the building model used in this study was fully sealed, maximizing the effect of the 
pressure drop associated with the vortex. Typical residential buildings have inherent leakage that is likely able to 
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limit the effect of the pressure drop (Roueche et al., 2015; Kikitsu et al. 2011), which may explain the 
conservative results in the Amini et al functions. And further, some houses that incurred these damage states 
were outside the tornado vortex itself, and debris impacts likely breached the building envelope. Each of these 
factors would also limit the effects of the pressure drop and decrease the overall loads on the structure. 
 
 
Figure 4: Comparison of fragility functions from Amini et al (2013) to empirical fragility functions from the 
Joplin, MO tornado. The probability of at least one sheathing panel or one roof-to-wall connection failing for a 
given wind speed are the limit states. For the empirical functions these represent DOD4 and DOD6 respectively. 
 
 
UNCERTAINTY IN THE EMPIRICAL FRAGILITY FUNCTIONS 
 
There are a number of sources of uncertainty in the development of the empirically-based fragility functions 
presented in this study, and it is important to frame the results and comparisons to other studies within the 
context of these uncertainties. The two primary sources of uncertainty in this work are the assigning of DOD 
ratings to the damaged structures during the ground survey (assessment of damage in general), and the choice of 
tree-fall based vortex model from which the wind speeds are sourced. 
 
DOD ratings were assigned to the damaged structures by engineering faculty and students who were familiar 
with the EF Scale provisions, but with varied experience with regards to assigning DOD ratings. The ratings 
were assigned by teams of two to three members, requiring that a consensus be reached before assigning a rating. 
The damage descriptions for each DOD for DI2 are reasonably detailed, and for the majority of the homes 
assessed there were multiple photos of the home available from which to get a complete description of the 
damage sustained. Thus while there is some subjectivity to the process, there is not expected to be any large 
errors in DOD ratings from the review process. There are possibilities for other errors however. For example, if 
the available photos for each home were not adequate to capture the entire damage sustained, or if multiple 
homes were in a photo and the wrong one was used to assign a rating. As such, for the Monte Carlo simulations 
it is assumed that the DOD rating assigned has a 70% probability of being the “correct” rating, 10% probability 
of being either +/- 1 DOD rating in error, and 5% probability of being either +/- 2 DOD ratings in error.  
 
Uncertainty is also expected in the wind speed estimation that is associated with each damaged home, as there 
were a number of wind field models that could reasonably match the observed tree-fall patterns (Kuligowski et 
al., 2014). There were 244 different wind field models available (35 or 243 assessed using full-factorial design 
plus the consensus model), however not all of these were equally likely, as some models fit the tree-fall and 
damage patterns better than others. Since neither the treefall or damage patterns necessarily provide a “correct” 
wind field model, each of the 243 different models were assessed for their fit to tree-fall and damage properties. 
For the agreement with treefall properties, the mean squared error (MSE) was calculated for each model based 
upon the error between the predicted damage width (DW) and damage ratios (DR) of treefall and the observed 
DW and DR at ten cross-sections throughout the tornado path described in Kuligowski et al. (2014). For 
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agreement with the damage-based wind field model (whose development was described previously in the 
building of consensus wind field model), the MSE was calculated the same way, using a single average cross-
section at each of the ten locations. The resulting MSE for the treefall and damage comparisons were then 
proportionally transformed into a score such that the lowest MSE had a score of 100 and the highest MSE had a 
score of 0. The joint MSE score was then taken as the square root of the squares of the MSE scores associated 
with the treefall and damage properties. Weights for each of the 244 models were then assigned as the joint 
MSE score (varying from 0 to 100) divided by the sum of the MSE scores so that the weights summed to a value 
of one. 
 
Monte Carlo simulation methods and weighted averages were used to assess the uncertainty of the fragility 
functions as illustrated in the flow chart shown in Figure 5. The wind field model, from which the maximum 
wind speed for a given structure is taken, was sampled sequentially. The effect of the DOD rating uncertainty 
was evaluated through a Monte Carlo simulation with 500 simulations for each wind field model. Within each 
of the 500 simulations for each wind field model, DOD ratings were assigned to the 1241 structures based on 
the previously described weighting function. The maximum wind speed associated with each structure was 
taken from the selected wind field model. The parameters of the lognormal fragility functions for each DOD 
were then estimated for each of the 500 simulations using the logistic regression methods described previously. 
With 500 simulations, variability in the lognormal fragility fit parameters xm and β for each wind field model 
were limited to less than 1%. The average xm and β for each DOD were determined for each of the 244 wind 
field models, and then the weighted average and weighted standard deviation was taken across the wind field 
models to estimate the expected xm and β and the variability of these parameters for each DOD. The weighted 
averages and standard deviations of the exponential of xm (representing the wind speed associated with 50% 
probability of failure, and henceforth referred to as the median wind speed) based on all 244 wind field models 
are provided in Table 5, along with the values of the median wind speed from the consensus wind field model. 
 
Weighted standard deviations of the median wind speed varied for each DOD from 2.29 to 3.62 m/s, with the 
highest variability observed in the highest damage state, DOD 9. An uncertainty of +/- 2 standard deviations is 
assumed to reasonably represent the full uncertainty in the fragility functions (Figure 6). The consensus model 
agreed reasonably well with the weighted average model, with median wind speeds differing by no more than 
7%.  
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 Figure 5 Flow chart of the Monte Carlo simulation used to quantify uncertainty in the fragility functions. 
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Figure 6 Uncertainty in the wind speed associated with the median probability of failure for the nine damage 
states considered. The solid dots represent the weighted average, and the triangles represent the weighted 
standard deviation, of the wind speed associated with the median probability of failure for the 244 wind field 
models. The square represents the median wind speed from the consensus model. 
 
Table 5 Weighted average and standard deviation of the wind speeds associated with the 50% probability of 
failure for the 244 wind field models. The wind speeds associated with the 50% probability of failure for the 
consensus model alone are also provided for comparison. 
 
 Degree of Damage (DOD) 1 2 3 4 5 6 7 8 9 
Consensus Model (m/s) 33.8 39.2 43.6 50.3 54.8 55.0 67.2 75.1 85.8 
Weighted Average (m/s) 31.7 39.5 46.2 51.9 56.5 58.7 68.1 76.1 88.9 
Weighted Standard 
Deviation (m/s) 2.29 2.68 2.93 3.02 3.03 3.01 2.87 2.87 3.62 
COV 7.2% 6.8% 6.3% 5.8% 5.3% 5.1% 4.2% 3.8% 4.0% 
 
 
CONCLUSIONS 
 
A consensus wind field model was developed for the 2011 Joplin, Missouri tornado using tree-fall patterns and 
observations of structural damage in the aftermath of the tornado. The model was used to estimate the peak wind 
speed at the location of 1,241 damaged structures that were rated for damage during a ground-based assessment 
using the Degrees of Damage (DOD) from the Enhanced Fujita (EF) Scale. The probabilities of specific damage 
states occurring given a certain wind speed were estimated using logistic regression methods to develop the 
fragility functions. The DODs for FR12 of the EF-Scale were used as the limit states in this study. The 
empirically-derived fragility functions were progressive in nature, with median wind speeds varying from 33.6 
m/s for DOD1 (threshold of visible damage) to 85.2 m/s (all walls destroyed) for DOD9. The empirically-based 
fragility functions were compared to those from straightline winds provided in the HAZUS-MH Hurricane 
Model, with the empirically-based fragility functions from the Joplin tornado falling to the left of those for 
straightline winds. The resulting load factors varied from 1.32 to 1.51 which agree reasonably well with load 
factors proposed in the proposed ASCE 7-16 commentary. Comparisons to analytically-derived fragility 
functions for tornado hazards demonstrated that the assumptions of a fully sealed building under tornado loads 
may be overly conservative, which agrees with other recent studies (Roueche et al., 2015; Kikitsu et al., 2011; 
Sabareesh, 2012). Further research is needed to address uncertainties related to the fragility functions. The 
effects of specific factors, such as exposure, structural characteristics, and orientation of the structures, on the 
developed fragility functions also need to be established with further research. Although the development of 
fragility curves are one step in quantifying uncertainty there are many sources uncertainty in the quantities used 
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to develop the fragilities themselves (i.e., wind speed and damage assessment). Uncertainties in both the damage 
and wind speed estimation were quantified and likelihood (weighting) functions for all feasible scenarios were 
employed using Monte Carlo methods. Preliminary results show that variance in the statistical parameters 
related to fragilities are higher for higher damage states. However, COV values were relatively low for all 
damage states, and the lowest for higher damage states. The weighted average fragility model showed minimal 
differences from that of the developed consensus model, with differences in median wind speed associated with 
the 50% probability of failure not exceeding 7%. Although results are promising, there are many possible 
uncertainties that were not taken into account in this paper and are a subject for future research.  
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